The conjugate addition of cyclic 1,3-dicarbonyl compounds to β,γ-unsaturated α-keto-esters was studied using a series of chiral bifunctional organocatalysts. Takemoto's catalyst was found to be most efficient for this transformation. Excellent yields and good enantioselectivities were achieved for a variety of β,γ-unsaturated α-keto-esters and cyclic 1,3-dicarbonyl compounds. A bifunctional catalytic mechanism is proposed. The method provides a new asymmetric synthetic route for chiral courmarin derivatives.
Introduction
Asymmetric conjugate addition of 1,3-dicarbonyl compounds to various Michael acceptors is an important method for the preparation of chiral compounds. 1 Although chiral metal catalysts have been applied successfully for a number of transformations, great efforts are continuing to develop more efficient, cheaper catalysts and to expand the substrate scope. In recent years asymmetric organocatalysis has emerged as a powerful tool for the synthesis of chiral compounds. 2 Organocatalytic asymmetric conjugate additions of nucleophiles to Michael acceptors have been studied extensively. 3 Excellent enantioselectivities have been obtained for the organocatalytic conjugate addition of 1,3-dicarbonyl compounds to α,β-unsaturated aldehydes, ketones and nitro compounds. Although β,γ-unsaturated α-keto-esters are highly reactive Michael acceptors, their reactions with 1,3-dicarbonyl compounds have been seldom studied. To the best of our Determined by chiral HPLC with a chiralpak AD-H column.
Furthermore cyclic 1,3-dicarbonyl compounds 1a-1f were examined as the nucleophiles in the reaction with 2a. The results are summarized in Table 3 . 6-Methyl-4-hydroxycoumarin 1b and 4-hydroxy-6-methyl-2H-pyranone 1c provided similar yields and enantioselectivities with 1a (Table 3 , entries 1-3). 4-Hydroxy-6-methylpyrone 1d and cyclohexane-1,3-dione 1e were also suitable substrates. Excellent yields and enantioselectivities were achieved (Table 3 , entries 4-5).
5,5-Dimethylcyclohexane-1,3-dione 1f afforded better enantioselectivity (Table 3 , entry 6). The results imply that the present catalytic method is generally applicable for various cyclic 1,3-dicarbonyl compounds. Determined by HPLC with a chiralpak AD-H column.
The reaction is proposed to proceed via a bifunctional catalytic mechanism (Scheme 2). 8 β,γ-unsaturated α-keto-ester 2a is activated to nucleophilic attack through double hydrogen-bonding interactions with the thiourea group of catalyst 7. On the other hand, the tertiary amine group of 7 removes one proton of 4-hydroxycoumarin 2a. The resulting amino cation forms another hydrogen bond with the oxygen ion. The consequent nucleophilic attack gives (R)-3a as the major product. 
Conclusions
We have developed an efficient asymmetric conjugate addition of cyclic 1,3-dicarbonyl compounds to β,γ-unsaturated α-keto-esters. Bifunctional thiourea-tertiary amines were found to be suitable organocatalysts. The reaction provided the products in excellent yields and with good enantioselectivities for a variety of β,γ-unsaturated α-keto-esters and cyclic 1,3-dicarbonyl compounds. Further attempts to improve the enantioselectivity and to apply this method for the preparation of valuable chiral products are currently underway.
Experimental Section
General. 1 H NMR and 13 C NMR spectra were recorded on Bruker AVANCE 400 spectrometer.
Chemical shifts of protons are reported in parts per million downfield from tetramethylsilane (δ = 0). Chemical shifts of carbon are referenced to the carbon resonances of the solvent (CHCl 3 : δ = 77.0). Peaks are labeled as singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m). Optical rotations were measured on a Perkin-Elmer 341 digital polarimeter. Melting points were measured on a WRS-2A melting point apparatus and are uncorrected. The high resolution mass spectroscopic data were obtained at Shimadazu LCMS-IT-TOF spectrometer. Infrared (IR) spectra were recorded on a Bruker Tensor 37 spectrophotometer. Data are represented as follows: frequency of absorption (cm -1 ), intensity of absorption (s = strong, m = medium, w = weak).
Enantiomeric excesses were determined by HPLC using a Daicel Chiralpak AD-H column and eluting with a n-hexane/i-PrOH solution. Flash chromatography was performed over silica gel (230-400 mesh), purchased from Qingdao Haiyang Chemical Co., Ltd. Commercial reagents were used as received. β,γ-Unsaturated α-keto-esters 2a-2k, 12 2l 13 and catalysts 4-9 14 were prepared according to the reported procedures.
Typical procedure for organocatalytic asymmetric conjugate addition A solution of 4-hydroxycoumarin 1a (0.1 mmol), (E)-methyl 2-oxo-4-phenylbut-3-enoate 2a (0.1 mmol), Takemoto's catalyst 7 (0.01 mmol) in THF (1.0 mL) was stirred at room temperature for 3 h. After the solvent was evaporated under vacuum, the residue was purified by flash column chromatography over silica gel to afford 3a as a white solid. Compound 3a was found to be in equilibrium with cyclic hemiketal 3a'. These two isomers were observed as separate compounds in 1 H and 13 C NMR spectra, but were not resolved by HPLC analysis. : 371.0931, found: 371.0939. The enantiometric excess was determined by HPLC with a Chiralpak AD-H column (hexane:2-propanol = 70:30, λ = 254 nm, 0.8 ml/min); t R (major enantiomer) = 6.51 min, t R (minor enantiomer) =10.27 min, 75% ee. : 431.0130, found: 431.0148. The enantiometric excess was determined by HPLC with a Chiralpak AD-H column (hexane:2-propanol = 70:30, λ = 254 nm, 0.8 ml/min); t R (major enantiomer) = 7.04 min, t R (minor enantiomer) =11.30 min, 76% ee.
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4-(4-Chloro-phenyl)-4-(4-hydroxy-2-oxo-2H-chromen-3-yl)-2-oxo-butyric acid methyl ester (3e
4-(4-Bromo-phenyl)-4-(4-hydroxy-2-oxo-2H-chromen-3-yl)-2-oxo-butyric acid methyl ester (3g).
4-Furan-2-yl-4-(4-hydroxy-2-oxo-2H-chromen-3-yl)-2-oxo-butyric acid methyl ester (3h).
White solid, 95% yield, exists in an equilibrium with cyclic hemiketal 3h'. m.p. 147-149 °C, 4-(4-Hydroxy-oxo-2H-chromen-3-yl)-2-oxo-4-phenylbutyric acid ethyl ester (3i) : 377.1025, found: 377.1032. The enantiometric excess was determined by HPLC with a Chiralpak AD-H column (hexane:2-propanol = 70:30, λ = 254 nm, 0.8 ml/min); t R (major enantiomer) = 6.42 min, t R (minor enantiomer) = 10.19 min, 77% ee. Hydroxy-oxo-2H-chromen-3-yl)-5-methyl-2-oxo-hexanoic acid ethyl ester (3l) . Colorless oil, 74% yield, exists in an equilibrium with cyclic hemiketal 3l'. Hydroxy-6-methyl-2-oxo-2H-pyran-3-yl) : 303.1232, found: 303.1233. The enantiometric excess was determined by HPLC with a Chiralpak AD-H column (hexane:2-propanol = 70:30, λ = 254 nm, 0.8 ml/min); t R (major enantiomer) = 6.07 min, t R (minor enantiomer) = 7.43 min, 79% ee. Hydroxy-4,4-dimethyl-6-oxocyclohex-1-enyl) : 329.1389, found: 329.1396. The enantiometric excess was determined by HPLC with a Chiralpak AD-H column (hexane: 2-propanol = 70: 30, λ = 254 nm, 0.7 ml/min); t R (major enantiomer) = 6.22 min, t R (minor enantiomer) = 8.69 min, 85% ee.
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